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within each chromosome are organized as either eu-
chromatin or heterochromatin (reviewed in Cremer and
Cremer, 2001). Heterochromatin is condensed and repli-
cates late in S phase, whereas euchromatin appears
more diffuse and replicates early in S phase. During
Maria Carmo-Fonseca1
Institute of Molecular Medicine
Faculty of Medicine
University of Lisbon
Av. Prof. Egas Moniz
1649-028 Lisboa mitosis, early- and late-replicating chromatin domains
are compartmentalized into alternate chromosomePortugal
bands (Figure 1A; Ferreira et al., 1997). Throughout in-
terphase, the vast majority of late-replicating domains
from most chromosomes are localized at the nuclearSummary
periphery, with a smaller fraction present around the
nucleolus or scattered in the nucleoplasm, whereasRecent developments in live-cell imaging are chal-
lenging our stereotyped view of the fixed cell nucleus. early-replicating domains spread into the nuclear inte-
rior (Figures 1B and 1C; Ferreira et al., 1997; Sadoni etThe emerging picture is that nuclear processes may
rely on a constant flow of molecules between dynamic al., 1999).
Proteins and ribonucleoprotein complexes involvedcompartments created by relatively immobile binding
or assembly sites. This article discusses current views in mRNA metabolism occupy the interchromatin space
of the nucleoplasm and are generally excluded from theon the origins of nuclear compartments and their roles
in gene expression. nucleolus, while components of the ribosome biogene-
sis pathway are predominantly confined to nucleoli.
Within each nucleolus, three distinct compartments canMicroscopists are often horrified by the atrocities in-
be further identified: the fibrillar center, which consti-flicted upon cells to prepare extracts, while biochemists
tutes the depot of rDNA genes, the dense fibrillar compo-prefer to stay away from the microscope for the lack of
nent, where maturation of pre-rRNA transcripts occurs,functional assays. For the good and for the bad, times
and the granular component, dedicated to assembly ofhave changed. For the good, because it has become
preribosomal particles (Carmo-Fonseca et al., 2000).possible to dissect pathways of regulated gene expres-
Additional compartments identified in the interchroma-sion with a fluorescence microscope. For the bad, be-
tin nucleoplasmic space include nuclear speckles con-cause not everything that glows in the microscope is a
taining spliceosomal components (Misteli et al., 1997),golden result. Here I review recent models of nuclear
Cajal bodies involved in snRNP biogenesis (Gall, 2000),organization and discuss their implications in the regula-
PML nuclear bodies enriched in transcriptional regula-tion of gene expression.
tors (Zhong et al., 2000), and a variety of nuclear inclu-
sions that are often associated with degenerative dis-The Notion of Cellular Compartments
eases (Zoghbi and Orr, 2000).Confinement of biomolecules within compartments is
crucial for the formation and function of the cell. Al-
though membranes play a major role in fulfilling the need Transport between Compartments and Nuclear
for containment, compartments in eukaryotic cells are Sorting Signals
not restricted to membrane bound organelles. From a Molecules can move between cellular compartments in
mathematical point of view, a compartment is defined different ways. Most eukaryotic proteins begin being
as a quantity of a substance that has uniform and distin- synthesized in the cytosol and are subsequently di-
guishable kinetics of transportation or transport (God- rected to the correct cellular address by the presence
frey, 1983). Compartments can be either physical spaces of specific sorting signals that are recognized by com-
within which the substance of interest resides, or differ- plementary receptors located at the target destination.
ent interconvertible forms of a substance (e.g., a drug Because all cytoplasmic organelles are enclosed by
and its metabolites) resides. In any case, a main charac- membrane, the initial transport of selected proteins from
teristic of a compartment is that it can be considered the cytosol into any of these compartments involves
as homogeneous and well-mixed (Godfrey, 1983; Brown translocation across a membrane.
and Rothery, 1993). Transport between the cytosol and the nucleus oper-
When viewed with either light or electron micro- ates differently, since it occurs between topologically
scopes, the interior of the nucleus is clearly nonhomoge- equivalent spaces separated by selective gates, the nu-
neous. Thus, from the early days of cytology, the nucleus clear pore complexes. Although nuclear pore complexes
has been considered an organelle composed of a num- allow free diffusion of small molecules, rapid and selec-
ber of subsystems or compartments (Moneron and tive traffic between the nucleus and the cytoplasm relies
Bernhard, 1969). In fact, we now know that most macro- on an active transport mechanism (Go¨rlich and Kutay,
molecular constituents of the cell nucleus are compart- 1999; Wente, 2000). In order to be selectively translo-
mentalized. For example, each chromosome occupies cated from one side of the nuclear pore complex to
a nuclear space or territory, and specific DNA sequences the other, each cargo must contain a defined import or
export signal (i.e., an NLS or an NES). These signals are
specifically recognized by receptors termed importins1Correspondence: carmo.fonseca@fm.ul.pt
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Figure 1. Chromatin Compartmentalization
(A) During mitosis, chromatin is compartmen-
talized into alternating dark and light bands.
Chromatin in dark bands replicates late in S
phase, whereas light bands replicate early.
(B) In the interphase nucleus, late-replicat-
ing chromatin domains (which correspond
mostly to heterochromatin) are localized at
the nuclear periphery (Ferreira et al., 1997;
Sadoni et al., 1999) and are presumably an-
chored to the nuclear envelope. Early-repli-
cating, gene-rich chromatin domains form
extended loops that spread throughout the
nuclear interior. Depending on the transcrip-
tional status of their genes, some chromatin
loops may extend outwards from the corre-
sponding “chromosome territory” (here de-
picted in purple), as detected by fluorescence
in situ hybridization with a specific paint
(Volpi et al., 2000).
(C) In addition to occupying the nuclear periphery, heterochromatin is also associated with the nucleolus. Depicted is a human B lymphoid
cell labeled with a probe specific for the pericentromeric heterochromatin of chromosome 1 (red staining). The nuclear lamina is stained blue,
and the nucleolus is green (Carvalho et al., 2001).
and exportins, the majority of which belong to the im- plasm and the nucleus, several authors refer to signals
that “direct” a particular protein or RNA to subnuclearportin  superfamily of RanGTP binding proteins. Cargo
binding by the transport receptors may be direct or compartments such as the nucleolus or the nuclear
speckles (see, for example, Lohrum et al., 2000; Eil-mediated by a specific adaptor, which plays an impor-
tant role in determining cargo specificity. Importin , for bracht and Schmidt-Zachmann, 2001). However, taking
into account both the lack of gates separating sub-instance, can either function without an adaptor in the
import of some ribosomal proteins, use importin  as nuclear compartments and Misteli’s “hit-and-run”
model, sequences or domains that are necessary andadaptor to mediate the import of proteins containing a
classical NLS, or bind to Snurportin-1 to mediate the sufficient for proper localization inside the nucleus are
more likely to act as retention signals rather than asimport of U snRNPs (Go¨rlich and Kutay, 1999; Nakielny
and Dreyfuss, 1999). Similarly, exportin 1/CRM1 may targeting or transport signals.
either directly recognize the leucine-rich NES sequence
present in a protein cargo or act through the adaptor The Origins of Subnuclear Compartments
As mentioned above, photobleaching experiments sug-PHAX to export U snRNAs (Ohno et al., 2000). As a
result of their interaction with nucleoporins (i.e., protein gest that the steady-state accumulation of mobile nu-
clear components in compartments is produced by theircomponents of the nuclear pore complex), the cargo-
receptor or cargo-adaptor-receptor complexes traverse transient interaction with locally immobilized binding
sites (Misteli, 2001). This implies that the nucleus con-the nuclear pore complex. Shortly after, transport recep-
tors and adaptors free their cargo and recycle, moving tains a relatively fixed scaffold where binding sites are
anchored. Putative candidates to provide such a struc-back to the other side of the nuclear envelope to start
a new transport event (Wente, 2000). tural framework are the nuclear matrix and chromatin.
While the molecular nature of the nuclear matrix remainsA third mode of molecular transfer occurs between
subnuclear compartments, which are not separated by elusive (Pederson, 2000), several lines of evidence sug-
gest a link between chromatin and nuclear compart-any physical barrier. Recent developments in imaging
the motion of macromolecules inside the living cell ments.
Unquestionably, the nucleolus represents the para-showed that several nuclear components are in continu-
ous flux between compartments (Misteli, 2001). Based digm of a chromatin-attached nuclear compartment.
The nucleolus forms on chromosomal loci, the nucleolaron these data, a model was proposed that macromole-
cules in the nucleus have a saltatory, stop-and-go mode organizer regions or NORs, which contain the genes
coding for ribosomal RNA. The nucleolus is the factoryof mobility. As proteins diffuse through the nuclear
space, they transiently accumulate in a steady-state where the cell’s ribosomes are assembled, and the
whole nucleolar structure relies on a continuous supplycompartment by interaction with local high-affinity bind-
ing sites. This novel view of nuclear organization has of transcripts from multiple gene copies, which are im-
mediately processed and packaged with ribosomal pro-important implications to our understanding of nuclear
processes. At present, very precise maps are available teins (Carmo-Fonseca et al., 2000). In addition, the intro-
duction of extrachromosomal ribosomal DNA copiesdepicting the distribution of several nuclear proteins and
RNA molecules in both fixed and live cells, and for many, into yeast or Drosophila nuclei triggers the spontaneous
formation of novel mininucleoli (Carmo-Fonseca et al.,the minimal amino acid or nucleotide sequences that
are both necessary and sufficient for proper localization 2000). This result demonstrates the ability of a chromo-
somal domain to direct the formation of a nuclear com-have been identified. Inspired by the signal-dependent
sorting mechanism that operates between the cyto- partment.
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Cajal bodies (formerly known as coiled bodies) repre-
sent another nuclear compartment that associates pref-
erentially with specific genomic loci, the snRNA and
histone gene clusters (Gall, 2000). Cajal bodies accumu-
late small nuclear ribonucleoproteins (snRNPs), includ-
ing the rare U7 snRNA involved in histone pre-mRNA
processing. It was therefore proposed that Cajal bodies
are recruited to the vicinity of histone genes through the
U7 snRNA (Gall, 2000). More recently, it was found that
the association between Cajal bodies and U2 snRNA
genes requires the presence of snRNA transcripts (Frey
and Matera, 2001). However, it remains an open question
whether Cajal bodies assemble on active snRNA genes
(similarly to nucleoli), or whether preassembled com-
plexes roam the nucleus and are transiently immobilized
at specific loci by interactions with nascent snRNAs.
Nuclear speckles (or interchromatin granule clusters),
which accumulate pre-mRNA splicing factors (Misteli et
al., 1997), associate specifically with chromosomal loci
harboring actively transcribed protein-encoding genes Figure 2. Recruitment of Spliceosome Components to Sites of
(Smith et al., 1999). A controversial issue that remains Transcription by RNA Polymerase II
unsolved is whether nuclear matrix-anchored nuclear Depicted are murine erythroleukemia (MEL) cells transfected with
the human -globin gene. The cells harbor multiple copies of thespeckles attract active chromatin loci to their vicinity,
transgene as a tandem array (Custo´dio et al., 1999). Hybridizationor whether, conversely, nascent pre-mRNAs abundantly
with a probe complementary to the transcribed sequence of thesynthesized at these loci recruit nuclear speckles as a
human -globin RNA reveals foci [green staining, (A) and (C)] thatmeans to increase the local supply of splicing factors.
correspond to the sites of transcription of the transgene. The red
Next to the nucleolus, a remarkable example of how staining in (A) corresponds to total cellular DNA. Double-labeling
recruitment of a multicomponent machine onto chroma- with an antibody directed against the Sm proteins [red staining, (B)
tin generates a nuclear compartment is provided by in and (C)] shows spliceosomal snRNPs distributed throughout the
nucleoplasm, but with higher concentration at the site of transcrip-vivo studies of nucleotide excision repair (NER). NER is
tion of the transgene. The yellow staining in (C) results from colocali-a highly conserved repair system that eliminates a wide
zation of the red and green signals.range of DNA lesions, including those produced by the
ultraviolet (UV) component of sunlight. Repair of a dam-
aged DNA is a multistep process involving recognition ment and assembly of catalytically active complexes
of the lesion, opening up of the helix, dual incisions with their substrates (Figure 2).
flanking the damage, and subsequent excision of the
oligonucleotide (Thoma, 1999). Seven different classes
Controlling Gene Expression by Spatial
of proteins are implicated in the NER pathway. How do
Confinement of Regulatory Proteins
these proteins find damaged DNA, and how do they
Having discussed how molecules move between com-assemble on a lesion forming a compartment that is
partments in the cell and how nuclear compartmentsvisible in the fluorescence microscope? Are NER factors
are formed, the following section will focus on the rolepreassembled in a holocomplex? To address these
of spatial confinement in controlling gene expression.questions, Houtsmuller and coworkers tagged the endo-
Shuttling between Nucleus and Cytoplasmnuclease ERCC1/XPF with green fluorescent protein
Clearly, a very efficient way to affect gene expressionand monitored its mobility in living cells using photo-
is to control the passage of transcriptional regulatorsbleaching techniques. In the absence of DNA damage,
across the nuclear pores. One simple way to regulatethe protein moved freely throughout the nucleus, sug-
gene activity in response to a signaling pathway is togesting that NER factors operate in a distributive fashion
locate an activator protein to the cytoplasm, until a spe-by diffusion. UV exposure caused a transient immobili-
cific signal triggers its accumulation in the nucleus. Con-zation of the tagged protein, likely due to engagement
versely, genes may be activated in response to a signalin a repair event (Houtsmuller et al., 1999). More recent
that induces specific inhibitors to exit from the nucleus.results obtained after inflicting UV damage in restricted
An increasing number of cellular processes are nowparts of the nucleus allowed the dissection of a stepwise
known to be mediated by controlled trafficking of regula-entry of various NER proteins at sites of UV damage,
tory proteins into or out of the nucleus. These includearguing against the presence of a preassembled repair-
regulation of cell cycle progression and control of cellu-osome in the nucleus (Volker et al., 2001).
lar proliferation, circadian clocks, hormone, cytokineIn conclusion, nuclear compartments are fundamen-
and stress responses, and growth factor-induced differ-tally different from cytoplasmic organelles. In the cyto-
entiation (Table 1).plasm, components of a metabolic pathway must be
Although it was initially thought that regulatory factorsdirected into a preexisting membrane-delineated organ-
are held captive in either the nucleus or the cytoplasmelle in order to assemble a functional entity. In the nu-
until an appropriate signal triggers transport to the othercleus, functional compartments such as repairosomes
side of the nuclear envelope, several lines of recent(Volker et al., 2001) or spliceosomes (Misteli and Spec-
tor, 1999) are generated “on the spot” by direct recruit- evidence indicate that most of these proteins contain
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Table 1. Examples of Eukaryotic Functions that Involve a Regulated Nucleo-Cytoplasmatic Compartmentalization of Transcription Factors
Regulatory
Cellular Process Protein Comments and References
Control of cell-cycle progres- Cdc25 Shuttling phosphatase. In the presence of DNA damage it is retained in the
sion and proliferation cytoplasm. Consequently it does not activate Cdc2, preventing cells from
entering mitosis (Yang et al., 1999; Lopez-Girona et al., 1999).
p27Kip1 Inhibits Cdk2 complexes in resting cells and must be degraded at the G1-S
transition of the cell cycle (Sherr and Roberts, 1999). In order to be elimi-
nated, p27Kip1 must first be imported into the nucleus, where it is phosphor-
ylated by cyclin E-Cdk2 kinase. Phosphorylated p27Kip1 is then exported
to the cytoplasm for degradation.
p53 Shuttling tumor-suppressor protein. Under normal conditions, p53 is ex-
ported to the cytoplasm. In response to stress (i.e., DNA damage), nuclear
export is blocked (Zhang and Xiong, 2001).
APC Shuttling tumor suppressor that promotes cytoplasmic degradation of the
oncogenic transcriptional activator -catenin (Rosin-Arbesfeld et al.,
2000; Henderson, 2000). APC mutations associated with colon cancer
are located adjacent to the NESs and affect exit of the protein from the
nucleus. As a result, -catenin accumulates in the nucleus leading to the
activation of important growth regulatory genes, including cyclin D and
c-myc.
p21Cip1/WAF1 Phosphorylation of p21Cip1/WAF1 induced by overexpression of HER-2/neu in
cancer cells results in cytoplasmic translocation. To act as a cell-growth
inhibitor, the protein must localize in the nucleus (Zhou et al., 2001).
Signal transduction pathways MAPK/ERK In unstimulated cells, MAPK is predominantly cytoplasmic. Upon activation,
the kinase translocates to the nucleus, where it phosphorylates nuclear
targets. Import of MAPK to the nucleus depends on its own phosphoryla-
tion (Khokhlatchev et al., 1998). Exit of MAPK/ERK from the nucleus is
mediated by MAP kinase kinase (MAPKK or MEK), which binds MAPK/
ER. It contains an NES and shuttles constantly between nucleus and
cytoplasm (Adachi et a., 2000).
Stress response Yap1p Shuttling transcription factor. In response to oxidative stress, the NES is
masked, leading to nuclear accumulation of the protein (Kuge et al., 2001).
Circadian clock PERIOD Regulated nuclear entry of PER proteins is a common element in many
circadian regulators (Dunlap, 1999).
Organogenesis SRY Transcription factor required to initiate testicular differentiation in mammals.
Mutations causing human sex reversal impair nuclear localization of the
protein (Li et al., 2001).
Muscle differentiation HDAC4 Shuttling proteins. During differentiation, the histone deacetylase HDAC5
HDAC5 exits the nucleus (McKinsey et al., 2000). HDAC4 relocates to the nucleus
once differentiation has occured (Miska et al., 2001; Zhao et al., 2001).
Bone morphogenesis C/EBP Under basal conditions these transcription factors are cytoplasmic. They
Smad1 rapidly accumulate in the nucleus after growth factor stimulation and exit
the nucleus upon removal of the stimulus (Billiard et al., 2001; Xiao et al.,
2001).
Development of nervous, NF-ATs Shuttling proteins. Accumulate in the nucleus and activate transcription in
muscular, immune, and vas- response to both electrical and tyrosine kinase signalling. Nuclear accu-
cular systems mulation is induced by the calcium-dependent phosphatase calcineurin
and requires continued calcium signalling (Graef et al., 2001; Neilson et
al., 2001).
both an NLS and an NES and are constantly moving in The Role of Chromatin Compartments
Once regulatory proteins cross the nuclear pores andand out of the nucleus (Zhu and McKeon, 2000; Jans et
al., 2000; Cartwright and Helin, 2000; Cyert, 2001). At enter the nucleus, how do they find their target genes?
Although proteins that interact with specific DNA se-steady state, regulatory proteins accumulate predomi-
nantly in the nucleus or in the cytoplasm, depending on quences were proposed to bind initially anywhere and
then “slide” along the DNA chain, diffusing betweenthe balance between import and export rates (Figure 3).
Compared to the model of retention-versus-transport, contiguous nonspecific binding sites, recent data sug-
gest instead that protein moves from one DNA site tocontinuous shuttling may allow for tighter regulatory
activity for two reasons. First, interaction of the shuttling another through three-dimensional space by successive
dissociation/reassociation (Stanford et al., 2000). Takingprotein with transport receptors most likely generates
inactive complexes, preventing activity in the absence into account that most DNA is likely to be covered by
protein, such intersegmental transfer (i.e., “jumping”)of appropriate signals. Second, the existence of a per-
manent pool of the protein in both compartments favors seems to have a major advantage over one-dimensional
sliding (Stanford et al., 2000). It is also expected that ina more rapid association with target molecules upon
signal induction, without the delay associated with vivo, different levels of chromatin packaging will intro-
duce specific constraints to the accessibility of DNA totransport between the nucleus and the cytoplasm (Zhu
and McKeon, 2000). proteins that transfer intersegmentally.
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compartment. To address this hypothesis, Cobb and
coworkers analyzed the targeting of selected genes and
their cognate inhibitory protein, Ikaros, to heterochro-
matin compartments (Cobb et al., 2000). Ikaros is a se-
quence-specific DNA binding protein that colocalizes
with pericentromeric heterochromatin in lymphocytes
and helps to maintain target genes in an inactive state
during both B and T lymphocyte development (Brown
et al., 1997, 1999). As there are Ikaros binding sites
within the promoter for genes that are repositioned to
heterochromatin, it was expected that the binding of
Figure 3. Regulated Compartmentalization of NF-AT Transcription Ikaros to target genes would recruit these loci to hetero-
Factors chromatin by protein-protein interactions. However, the
The nuclear factors of activated T cells (NF-ATs) are a family of results showed that direct DNA binding is essential for
transcription factors that transduce calcium signals. NF-AT proteins
the pericentromeric localization of Ikaros, and Ikaroscontain both an NLS and an NES. Calcium signaling activates a
binding sites are present within centromeric DNA re-phosphatase, calcineurin. NFAT1 is phosphorylated on 14 con-
peats (Cobb et al., 2000). Furthermore, targeting ofserved phosphoserine residues in its regulatory domain, 13 of which
are dephosphorylated upon calcium stimulation. Dephosphorylation Ikaros to heterochromatin does not require lymphocyte-
of all 13 residues is required to mask an NES and cause full exposure specific proteins or nuclear architecture, arguing that
of an NLS. This results in nuclear accumulation and transcriptional the function of Ikaros in the pericentromeric heterochro-
activation. Cessation of the calcium-activated signal leads to rapid matin compartment may be completely independent
rephosphorylation of NF-AT proteins with consequent export to the
from its role on lymphoid target genes (Cobb et al.,cytoplasm (Zhu and McKeon, 2000).
2000). In fact, more recent results indicate that Ikaros
protein initiates silencing through a direct effect on the
promoter, and the silenced gene is not heterochroma-Classical cytological studies lead to the identification
tinized despite being associated with pericentromericof two distinct chromatin compartments in the nucleus,
heterochromatin clusters in the nucleus (Sabbattini eteuchromatin and heterochromatin. By early criteria, het-
al., 2001). Thus, it remains an open question whethererochromatic DNA remains condensed throughout the
genes are located in heterochromatin compartments incell cycle, whereas euchromatin appears decondensed
order to be transcriptionally inactivated, or whether genein interphase. At present, however, the term heterochro-
targeting to heterochromatin is a consequence of anmatin is used to refer to chromatin that is packaged
independently acquired silenced conformation.into a structure that is relatively inaccessible to DNA-
At this point, it is worth reviewing a number of recentmodifying factors, a context that would not allow any
papers suggesting that the functional state of chromatincytological recognition (Hennig, 1999; Qumsiyeh, 1999).
is dictated by probability events that depend on theMost genes are contained in the transcriptionally active
ability of a region to recruit factors with different func-
euchromatic compartment, while heterochromatin is rel-
tions (i.e., silencers or activators). By overexpressing
atively gene poor and transcriptionally inactive.
either silencing or activating proteins and simultane-
During cellular differentiation, changes in transcrip-
ously assaying expression of a reporter gene at different
tional activity are often coupled to changes in nuclear chromosomal locations, it was shown that silencers are
location. In mammals, this is well exemplified during continuously required for maintenance of heterochro-
blood cell development. Genes that are transcriptionally matin (Cheng and Gartenberg, 2000) and that dose mod-
silenced in developing B and T lymphocytes undergo a ulation of a transcription activator counteracts hetero-
dynamic repositioning in the nucleus and become local- chromatic gene silencing (Festenstein et al., 1999;
ized at pericentromeric heterochromatin (Brown et al., Lundgren et al., 2000; McMorrow et al., 2000; Ahmad and
1997, 1999). Whereas when the -globin gene is acti- Henikoff, 2001). Furthermore, there are ATP-dependent
vated during erythroid differentiation it relocates away enzymes capable of controlling transcription by remod-
from heterochromatin compartments in the nucleus eling chromatin structure (Kingston and Narlikar, 1999),
(Francastel et al., 2001), a mutant allele that renders and photobleaching studies have revealed that a subset
the gene transcriptionally silent remains associated with of histones are continually exchanging on the surface
pericentromeric heterochromatin (Schu¨beler et al., of chromatin (Lever et al., 2000; Misteli et al., 2000;
2000). Kimura and Cook, 2001).
Based on a consistent correlation found between If chromatin compartments are highly plastic entities
gene silencing and localization at heterochromatin com- whose function and position depends on the local ability
partments, it has been proposed that transcriptional to recruit modifying factors that are continuously ex-
regulatory sequence elements such as locus control changing, then chromatin fibers are expected to move
regions, enhancers, and insulators act by maintaining inside the nucleus. Indeed, direct tracking of chromo-
endogenous loci in a chromatin compartment that is some movement has been reported in yeast, Drosophila,
either transcriptionally permissive or nonpermissive and mammalian interphase nuclei (Gunawardena and
(Francastel et al., 1999; Schu¨beler et al., 2000; Gerasi- Rykowski, 2000; Vazquez et al., 2001; Heun et al., 2001;
mova et al., 2000). A prediction from this model is that Tumbar and Belmont, 2001). The motion patterns are
binding of regulatory proteins to specific DNA elements consistent with random walk diffusion restricted by in-
in genes destined for either activation or inactivation teractions with fixed nuclear structures (Vazquez et al.,
2001). To date, the best examples of structural con-could help to recruit these loci to the relevant chromatin
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ability to stabilize p53 (Zhang and Xiong, 1999). How-
ever, more recent observations show that ARF is able
to stabilize p53 and block growth without relocalization
of MDM2 to nucleoli. Moreover, forms of ARF that do
not accumulate in the nucleolus retain the ability to sta-
bilize p53 (Llanos et al., 2001; Korgaonkar et al., 2002).
Thus, it is unlikely that nucleolar localization is essential
for ARF function. However, MDM2 contains a cryptic
nucleolar-localization signal that does not function in
Figure 4. Stabilization of p53 by ARF-Dependent Sequestration of unstressed cells but is necessary to cooperate with nu-
MDM2 cleolar localization signals in ARF to allow relocalization
The tumor-suppressor protein p53 is a transcription factor that of both proteins (Lohrum et al., 2000). This implies that
switches on a series of protective genes when the cell is exposed sequestration of MDM2 in the nucleolus may still play
to stress. Under normal conditions, p53 activates the MDM2 gene.
a part in inactivating MDM2 in response to some p53-Both p53 and the MDM2 protein shuttle between nucleus and cyto-
activating signals (Lohrum et al., 2000).plasm, and MDM2 induces p53 degradation in the cytoplasm. For-
mation of a p53-MDM2 complex in the nucleus stimulates export Sequestration in PML Nuclear Bodies
to the cytoplasm. In response to stress signals, p53 is not exported and Pathological Protein Aggregates
to the cytoplasm. This block may involve binding and sequestration PML nuclear bodies are discrete compartments of 0.2–1
of MDM2 by the ARF protein. ARF is expressed in response to m diameter that are present in most cells. The PML
inappropriate proliferative signals and localizes predominantly in
nuclear body is defined by the presence of PML protein,the nucleolus. The p53 protein contains one NLS and two NESs.
a tumor suppressor originally identified in acute promy-Phosphorylation of p53 in the nucleus masks the two NESs, weakens
elocytic leukaemia (Zhong et al., 2000). Although thethe interaction with MDM2, and promotes interaction with transcrip-
tional coactivators (Zhang and Xiong, 2001). main function of this nuclear compartment is still un-
clear, recent data suggest a role for PML nuclear bodies
in the regulation of transcription (Zhong et al., 2000).straints on chromosomal positioning are the binding of
Data suggesting that PML nuclear bodies act by seques-heterochromatin to proteins of the inner nuclear mem-
tering gene regulatory proteins, thereby controlling theirbrane (Kourmouli et al., 2000; Polioudaki et al., 2001)
access to functional targets, can be summarized as fol-and to nuclear pore complexes (Galy et al., 2000).
lows. First, several transcriptional regulators colocalizeAn additional elegant demonstration of intranuclear
with PML in nuclear bodies, including Sp100, Daxx, pRB,chromosomal movement is based on the use of Cre/
p53, the transcription coactivator and histone acetyl-loxP site-specific recombination. Burgess and Kleckner
transferase CAMP response element binding protein(1999) have inserted various pairs of loxP inserts in the
(CBP), and the heat shock transcription factor, HSF2yeast genome and observed that loci located on distinct
(Zhong et al., 2000; Goodson et al., 2001). Second, PMLnonhomologous chromosomes do collide. Moreover, of
acts as a transcriptional coactivator with p53, and thisthe detected Cre/loxP recombination events,80% oc-
activity depends on its ability to localize in the nuclear
curred between nonreplicated chromosomes, which in-
body (Guo et al., 2000). Third, recruitment of Daxx to
dicates that collisions are taking place in the interphase
PML nuclear bodies correlates with relief of the repres-
nucleus. More recently, loxP sites were introduced on
sive activity of Daxx over the transcription factor Pax3
two nonhomologous mouse chromosomes, and upon (Lehembre et al., 2001).
Cre expression, the heterologous translocation was de- Sequestration of regulatory proteins in nuclear com-
tected at reasonable frequencies (Buchholz et al., 2000; partments is additionally thought to play a pathological
Collins et al., 2000). Assuming that collisions between role in patients suffering from myotonic dystrophy, Hunt-
mouse chromosomes occur during interphase as shown ington’s disease, and other disorders caused by the
in yeast, the emerging picture is of a flexible distribution expansion of unstable trinucleotide repeats. Myotonic
of chromatin in the nucleus. dystrophy, the most common muscular dystrophy in
Sequestration in the Nucleolus adults, is caused by a CTG repeat expansion in the 3
Data obtained in the past few years led to the proposal untranslated region of the DMPK gene. Because the
that compartmentalization of the ARF tumor-suppressor resulting mutant mRNAs are retained within focal com-
protein in the nucleolus plays a pivotal role in growth partments in the nucleus, it has been proposed that
arrest (Figure 4). ARF antagonizes MDM2-mediated expanded transcripts sequester specific RNA binding
ubiquitination and degradation of p53, thereby stabiliz- proteins and thus cause abnormal processing of other
ing p53. ARF is predominantly localized in the nucleolus, cellular RNAs containing CUG repeats (Tapscott and
while MDM2 and p53 are mostly nucleoplasmic. Both Thornton, 2001). Consistent with this view, a class of
p53 and MDM2 shuttle between nucleus and cytoplasm, muscle-specific proteins was recently shown to associ-
and export of MDM2-p53 complexes is required for p53 ate with the mutant mRNA in nuclear foci (Miller et al.,
degradation in the cytoplasm. Because ARF can bind 2000; Fardaei et al., 2001).
and relocalize MDM2 from the nucleoplasm to the nucle- In contrast to myotonic dystrophy, Huntington’s dis-
olus, it was proposed that this tumor suppressor acts by ease and other neurodegenerative disorders are caused
sequestering MDM2 in the nucleolus, thereby impairing by unstable repeats that are translated into an expanded
export to the cytoplasm with its p53 cargo (Tao and polyglutamine tract (reviewed in Zoghbi and Orr, 2000;
Levine, 1999; Weber et al., 1999). Supporting this view, Orr, 2001). The resulting mutant proteins tend to aggre-
tumor-associated mutations in the ARF gene disrupt gate, forming inclusion bodies that are most frequently
located in the nucleus of affected cells. Several lines ofboth the nucleolar localization of the protein and its
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